Decreasing the death toll of pedestrians in traffic accidents is one of the most urgent tasks to be solved all over the world. This paper describes the prediction of pedestrian injuries for the TRL legform impactor using MATLAB. The TRL legform impactor consists of three parts: a femur, a tibia, and a ligament connecting them. The impactor was physically modelled with springs, dampers and two masses as a dynamic model. The impactor behaves in a translational and rotational motion during the collision with a vehicle. The behavior of the impactor during the crash event was captured by a high speed camera and is regarded as the four-degree-of-freedom system in terms of translational and rotational motions. Pedestrian injuries are evaluated by three physical quantities indexes: the acceleration of the tibia, both the displacement and the bending angle between the femur and the tibia. The physical model for the impactor was expressed mathematically by differential equations. In the case of modelling, the ligament connecting both the femur and the tibia in particular plays an important role. Shear forces were applied to the ligament in translational motions and the bending moments in rotational motion. Differential equations were expressed in the form of a state equation and an output equation by MATLAB. Numerical solutions were obtained by a block diagram with Simulink. As a result, it was found that the predicted injuries agree quite well with their experimented data in terms of acceleration, displacement, and the bending angle mentioned above.
Introduction
Pedestrian protection test was originally proposed by European Enhanced Ve- Since leg injuries are the most common injuries in pedestrian accidents, it is urgent tasks to minimalize leg injuries. It therefore follows that the study is to seek for safety concept body designed to mitigate injuries to pedestrians. For the first step, the paper describes to model the Transport Research Laboratory (TRL) legform impactor and to solve the equations of motion using commercial software MATLAB. Figure 3 shows the schematic diagram of TRL impactor which consists of the 
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Mathematical Modeling
State Equations of the System
The behavior of the impactor during the crash event was captured by a high speed camera. As a result, it was found that the impactor is regarded as the four-degree-of-freedom system in terms of the translational and the rotational motions. The impactor is physically modelled with springs, dampers and two masses as a dynamic model. The impactor behaves in translational and rotational motions during the collision with a vehicle. The equations of the translational motions with respect to the femur and the tibia are expressed as (1) and (2), respectively:
where x 1 and x 2 show the coordinates of the gravity center of the femur and tibia respectively and F H is the force applied to the femur from the hood, F B and F S are the forces applied to the tibia from a bumper and a spoiler, respectively, whereas S indicates shearing forces exerted on the ligament in the opposite direction each other as shown in Figure 3 .
The equations of rotational motions with respect to the femur and the tibia are given as (3) and (4), respectively (see Figure 3 ):
where θ 1 and θ 2 are rotational angles of the femur and the tibia, respectively and
Shearing forces S are described as the sum of spring forces proportional to shearing displacements and viscous damping forces proportional to shearing velocity as in (5):
where k s and c s are shearing linear elastic stiffness coefficient and shearing linear viscous damping coefficient, respectively. The terms on the right hand of (3) and (4) express the moments, where T H , T B , T S , and K are defined as follows: ,
where just as described in shearing force S, bending moment K is expressed as the sum of M k induced by the function of rotational angle θ and C k induced by angular velocity. C m is rotational viscous damping coefficient determined as 33
(Nm/rad) by MATLAB. 
here M k consists of two regions, an elastically deformed region and a plastically deformed region. Figure 5 shows the characteristics of the ligament which has elastic deformation region between θ = 0 and 2 degrees whereas plastic deformation one over 2 degrees. The figure also shows the corridor surrounded by two black lines, the lower and the upper limit. For the elastic region M k increases linearly until 2 degrees in the corridor. Over 2 degrees in the plastic region M k is expressed as polynomial of θ, and 10
Equations of motion from (1) to (4) can be expressed in matrix form.
M x C x K x UF
here, M, C, K, denote the mass, damping and stiffness matrices, and x, F are displacement vector and force vector, respectively: 
From (12) x  is given as follows:
State Equation (20) is expressed with (17), (18), and (19): 
The standard TRL legform instrumentation includes two transducers to measure the relative rotation (bending angle) and relative translation (shear displacement) between the femur and the tibia. There is also an accelerometer fitted to the non-impact side of the tibia, close to the knee joint (66 mm below its knee). Figure 6 shows the schematic diagram of evaluation of pedestrian injuries.
Based on output equation, pedestrian injuries by TRL legform are evaluated in terms of tibia acceleration α T described in (24), knee shear displacement τ in (25), and knee bending angle θ in (26):
Solution by MATLAB
MATLAB has embedded software called Simulink which provides an essential way to model, simulate and analyze the physical phenomena which are characterized by some inputs and outputs. The differential equations for TRL legform impactor were converted into state Equation (20) and output Equation (22). Two equations were implemented in Simulink as shown in Figure 7 using multipliers, summing, gain blocks, and subsequently fed into three integrators to obtain the states α T , τ, and θ.
Test Procedures
In order to validate the predicted injuries obtained by MATLAB, the experiment was conducted. the spoiler have the same hardness and the same position in the horizontal direction as shown in Figure 8 . Figure 9 depicts three input data obtained by the test. Reflecting the hardness and the position of energy absorption materials, the force F B is 9 kN at peak value and four and half times as large as F H and F S . Furthermore F B sharply increases and its duration of time lasts 20 ms whereas F H and F S are 2 kN at peak value although the duration of time for F H is four times as long as F S .
Results and Discussions
Forces obtained by the experiment shown in Figure 9 were used as input data in MATLAB Simulink to predict pedestrian injuries. Figure 10 shows the comparison Open Journal of Modelling and Simulation Regarding predicted shear displacements, the waveform as it rises up and general waveform are also similar to the experimented one. However, predicted peak value is 2 mm lager than the experimented. TRL legform impactor has the hydraulic damper near the ligaments, which is necessary to limit vibrations caused by the mass of the shear-spring system. It therefore follows that due to the damping effects the peak value is greatly suppressed and the waveform is attenuated with vibrations.
Concerned with bending angles, the waveform from the rise to the peak of the curve is almost similar each other and the difference of the peak value is 2.9 degrees equivalent to 3.4% as shown in Figure 10 .
Three waveforms obtained by the TRL impactor experiment vibrate in common after their peaks. The period of the vibration is 10 ms which reflects the characteristic of the hydraulic damper of TRL legform impactor.
Conclusion
Shear forces were applied to the ligament in translational motion and the bending moments in rotational motion. Shear forces were described as the sum of viscous damping forces proportional to the deforming speed and spring forces proportional to the amounts of deformation, whereas bending moments were expressed as the sum of viscous damping moments proportional to the angular speed and rotational spring forces proportional to the bending angle. Damping coefficients and factors characteristic of the spring were determined experimentally and analytically. Differential equations were expressed in the form of a state equation and an output equation by MATLAB. Numerical solutions were obtained by a block diagram with Simulink. As a result, it was found that the predicted injuries agree quite well with their experimented data in terms of acceleration, displacement and the bending angle mentioned above.
